Genomic-scale gene profiling using DNA microarrays has become a powerful approach for the study of gene expression in diversity of species. Nevertheless, for many species of interest, including many horticulturally important plants, ready made microarrays are still not available. Therefore, for functional genomics studies of such plants, a possible tool for gene expression profiling is the use of a microarray of a phylogenetically related organism for cross-species hybridizations (CSHs). We examined the ability of cross-species hybridization to reflect a biological process. As a benchmark experiment we generated two datasets: one of potato RNA hybridized to tomato microarray (CSH), the other of potato RNA hybridized to potato microarray (species-specific hybridization; SSH). Results were compared on a transcriptomic scale. The results demonstrated difficulties for the transcriptomic data obtained from CSH to reproduce the results obtained from SSH. Nevertheless, once the data were filtered for the matched probe sets, the CSH data showed higher consistency with that of the SSH and facilitated identification of significantly regulated genes, some of which were mutual to both CSH and SSH data. The considerations outlined as a result are serving for CSH of Brunfelsia flowers (a Solanaceae) with the potato microarray, resulting in further refinement of the approach of CSH for profiling horticulturally relevant, biological processes.
INTRODUCTION
DNA microarrays enable researchers to conduct large-scale quantitative experiments on gene expression. These experiments profile gene expression during biological processes, elucidating molecular mechanisms, assigning functions to previously unannotated genes and grouping of genes into functional pathways (reviewed in Stoughton, 2005) .
However, many species are lacking a representative microarray platform. Therefore, in the last few years, the use of cross-species hybridization (CSH, i.e., the hybridization of RNA from a target species to a microarray from a reference species) has greatly expanded as a tool for transcriptome analysis in species that lack a microarray platform (e.g., Chitko-McKown et al., 2004; Brodsky et al., 2005; Chalmers et al., 2005; Grigoryev et al., 2005) and as a tool for comparative, evolution and ecology studies (e.g., Ranz et al., 2003; Rifkin et al., 2003; Held et al., 2004; Rise et al., 2004; Gilad et al., 2006) . Nevertheless, CSH should be considered a non-standard application of microarrays, since microarrays are designed and built for species-specific hybridizations (SSHs) rather than for CSHs. Hence, when CSH is required for a given study, the validity and quality of the resulting biological data should be examined.
The use of CSH assumes the ability to analyze the gene expression profiles, so that biologically meaningful knowledge may be obtained. In our present study, we examined the ability of CSH to reflect biological results, by hybridizing RNA samples from the same species, for both cross-species (heterologous) and species-specific (homologous) microarray hybridizations. Thus, a direct comparison between results generated by CSH 26 and SSH was feasible. As a result, determination of the quality of CSH compared to SSH was obtained and approaches were developed for improving the validity of the CSH results published by our group (Bar-Or et al., 2006) . These were modified for CSH of Brunfelsia flowers (a Solanaceae) with potato microarray, to unveil components involved in the process of pigment degradation.
MATERIALS AND METHODS

Tomato and Potato Microarray Description
A tomato and a potato cDNA microarray were used. The tomato cDNA microarray was developed and printed by the Center of Gene Expression Profiling (CGEP; Cornell University, Ithaca, NY); it contains 9,140 sequenced clones, selected at random from a number of different cDNA libraries derived from a range of tissues including leaf, root, 
RNA Samples
Total RNA was extracted with the RNeasy Kit (Qiagen, Valencia, CA). The RNA samples were subjected to amplification with the MessageAmp aRNA kit (Ambion, Austin, TX), using 2.5 to 5 µg of total RNA as starting material.
RNA Labeling, Microarray Hybridizations and Data Acquisition
Heterologous hybridizations of potato RNA to the tomato microarray were designated as PT and those of the potato RNA to the potato microarray were designated as PP. Details regarding the PT and PP hybridizations are reported by Bar-Or et al. (2006) . Heterologous hybridizations of Brunfelsia RNA to potato microarray were performed such that each sample (from 0 or 1 day, designated BP0 and BP1, respectively) was labeled with Cy3 or Cy5. The day 0 and day 1 samples were co-hybridized, and dye swap experiments were performed.
Data Normalization and Analysis
The output files of the PT and PP and BP experiments were normalized according to GeneSpring (GeneSpring 5.1; Silicon Genetics, Redwood City, CA), including by Lowess normalization (Smyth and Speed, 2003; Bar-Or et al., 2006) . For the PT and PP data analysis was performed as described by Bar-Or et al. (2006) . For the BP experiments data analysis included determination of the ratio of day 1 to day 0 of each of the hybridizations, for each biological replicate, for each technical replicate (resulting in analysis of 6 samples). The results were clustered using GeneSpring.
Filtration of the data was performed for the PT and PP datasets based on homology between the potato and tomato probes, as described by Bar-Or et al. (2006) . For the BP datasets, filtration was based on physical characters of spot hybridization, as described by Novikov and Barillot (2006) .
RESULTS AND DISCUSSION
Results generated by CSH were directly compared with those generated by SSH to determine the quality of the CSH results and the steps that should be taken to extract valid results from CSH. This was first examined in the PT and PP systems in which genomic information is available for both involved species. Both potato and tomato have large genomic or expressed sequence tags (EST) databases. Clustering of the PT and PP transcriptomics data resulted in lack of clustering of datasets originating from the same RNA source (Fig. 1A) . For example, PP5a was not clustered with PT5a. These two samples are results of hybridizations of the same potato RNA sample to two different microarrays, potato and tomato, respectively, and hence are expected to be clustered in case CSH reflects SSH.
For improvement of CSH data, to reflect those obtained from SSH, the genomic data available for the potato and tomato were used for identification of probes of tomato microarray that might better reflect potato genes. Then, filtration of the PT data for those corresponding to matching probes by restricting proper cut-offs of probe homology, resulted in clustering of replicates (Fig. 1B) . For example, PP5a was clustered with PT5a. Thus, filtration based on homology between the potato and tomato probes resulted in better representation of the species-specific hybridization data (PP), by the cross-species hybridization data (PT).
Next, we considered cases in which genomic data is not available for the studied species (as in the case of Brunfelsia). Here, no sequence-similarity-based filtration can be applied. Once the CSH dataset of Brunfelsia RNA hybridization to potato microarray was clustered, technical replicates of the biological experiments were not clustered together ( Fig. 2A) . Therefore, to improve the data to reflect the biological experiments, we have examined the physical characters of probe hybridization. Here, filtration of the data according to spot characters, such as spot diameter, led to improvement of the clustering of the datasets: clustering of technical replicates to biological experiments was improved (Fig. 2B ).
In conclusion, our results suggest that CSH transcriptome data, once no datafiltering is applied, might not reflect those obtained from SSH (Bar-Or et al., 2006) . Rather, data filtration should be applied to enhance valid results from CSH. For cases in which sufficient genomic data are available for the target species, the proper utilization of the genomic data for the filtration of CSH expression data has been shown to improve results. When genomic data is not available for the studied species, no sequence-similarity based data filtration is feasible. Rather, filtration based on desirable spot characteristics, such as spot diameter, might enhance reflection by CSH of biological processes. Fig. 1 . Hierarchical clustering of cross-species and species-specific hybridization data corresponding to 7,116 tomato-potato pairs with homology level of bit-scores ≥ 129 (or E-values ≤ e-26), before (A) and following (B) data filtration. The first letter of a condition name designates the RNA source ('P' for potato plants); the second letter indicates the microarray chip platform ('P' or 'T' for TIGR potato or CGEP tomato microarray chip, respectively); '10' or '5' designates days of nematode infection; 'a' or 'b' designates biological replicates. Color scale represents gene expression fold change. Fig. 2 . Hierarchical clustering of cross-species hybridization data corresponding to Brunfelsia RNA hybridization to potato microarray. (A) Clustering of 15,266 genes before data filtration and (B) Clustering of 13,308 genes following data filtration according to physical parameters of hybridization. Blue, yellow or red designate each a certain biological replicates. Color scale is as in Fig. 1 .
Figures e
A B
A B
